It has been found that humans are able to distinguish colours without luminance cues by about 2-4 months of age and that sensitivity to colour difference develops during childhood, reaching a peak around adolescence. This prolonged period of maturation is reflected by improvements in psychophysical threshold measures and by the VEP characteristics of morphology, latency and amplitude. An intraindividual comparison of VEP and psychophysical responses to isoluminant colour stimuli has not been made in children, however, and this was the aim of the present study. VEPs were recorded from 49 subjects, children (age range: 4.8-12.6 years) and adults (age range: 25.7-33.2 years). Psychophysical and VEP thresholds were both measured in 40 of those subjects. Nominally isoluminant chromatic (L-M) sinewave gratings were presented in onset-offset mode and identical stimuli were used for psychophysical and VEP recordings to allow comparison. In agreement with previous reports, morphology of the transient VEP in response to this stimulus differed considerably between children and adults. There was a significant difference between psychophysical and VEP thresholds in children, but not in adults. Our findings support and expand on previous work on maturation of the L-M chromatic pathway and indicate a larger discrepancy between VEP and psychophysical chromatic thresholds in children than in adults.
Introduction
The development of human colour vision has been studied extensively. In infants, visual evoked potential (VEP) work has demonstrated that all three cone types are functional by at least 4 weeks postnatal (Knoblauch, Bieber, & Werner, 1998) . VEP, optokinetic nystagmus (OKN) and forced-choice preferential looking (FPL) studies have indicated that a comparison of cone signals, required for normal colour vision, occurs in human infants by at least 2-4 months of age (Allen, Banks, & Norcia, 1993; Brown, Lindsey, McSweeney, & Walters, 1995; Crognale, Kelly, Weiss, & Teller, 1998; Morrone, Burr, & Fiorentini, 1993; Peeples & Teller, 1978; Rudduck & Harding, 1994; Suttle, Anderson, & Harding, 1997; Suttle, Banks, & Graf, 2002; Teller & Palmer, 1996) . These studies have provided evidence on the age by which human infants are able to respond to colours and to distinguish colour differences without luminance cues. Further work has focused on the development of sensitivity to such stimuli during infancy and childhood. Using psychophysical procedures, Knoblauch, Vital-Durand, and Barbur (2001) found that chromatic sensitivity continues to develop for some time, peaking by mid to late adolescence. Consistent with this, transient VEPs in response to chromatic stimuli are immature in morphology until about puberty (Crognale, 2002; Crognale et al., 1998; Pompe, Kranjc, & Brecelj, 2006) .
There are a number of reasons to suspect that VEP and psychophysical findings might not agree. First, the VEP reflects retino-striate visual pathway function while psychophysical responses also reflect higher functions, including 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2007.04. 019 motivation. Second, the VEP stimulus must be temporally modulated, but this is not necessarily true of stimuli used in psychophysical experiments. It is possible that the temporal modulation of VEP stimuli may contribute to discrepancies between VEP and psychophysical measures of visual acuity in infants, for example (Sokol, Moskowitz, & McCormack, 1992) . Third, the VEP is usually recorded using scalp electrodes placed in a constant manner, based on skull landmarks, across subjects. The actual location of the underlying cortex is likely to vary across subjects however (Blume, Buza, & Okazaki, 1974; Steinmetz, Furst, & Meyer, 1989; Stensaas, Eddington, & Dobelle, 1974) , so the neural population reflected by the VEP may vary inter-individually. Psychophysical measures, on the other hand, are not affected by inter-individual variations in the location of neural populations underpinning the response. Thus, it is highly likely that any correlation between psychophysical and VEP measures of chromatic sensitivity would vary across subjects.
While previous studies have indicated that VEP and psychophysical measures both reflect development of chromatic sensitivity beyond childhood and into adolescence, this has not yet been demonstrated in the same subject group, using comparable stimuli. The purpose of the present study was therefore to assess chromatic sensitivity in children and adults, using VEP and psychophysical measures in each subject. Stimuli employed were temporally modulated in the same way for both techniques, to maximize the comparability of our findings.
Methods

Subjects
49 subjects were included in this study. The subjects were divided into four mixed-gender age groups (Table 1) . VEPs were recorded from all subjects, and are reported here. However, both VEP and psychophysical thresholds were measured in fewer (40) subjects, as also indicated in Table 1 . Subjects had normal colour vision (determined by Ishihara test), normal ocular health (by direct ophthalmoscopy), astigmatism <0.5D and visual acuity 6/6 or better each eye.
Stimuli
The stimuli were generated using a VSG 2/5 card (Cambridge Research Systems, Rochester, England) 15-bit system and presented on a Sony CPD-G500 21-inch Trinitron colour monitor. The monitor was gamma corrected. Luminance and chromaticity output were verified using a luminance meter (Minolta LS-110) and tri-colorimeters (Minolta TV 2150 and Minolta CA-100) 1 which had been calibrated using sources for which illuminance and spectral irradiance values had been provided by the National Measurement Institute of Australia and ceramic tiles for which the spectral reflectance values had been provided by the National Physical Laboratory, UK. The stimuli were heterochromatic, obliquely oriented (45 o or 135 o ) sinewave gratings of spatial frequency 1 cycle-per-degree (cpd) presented in square-wave pattern onset-offset mode on a background and surround of the same mean chromaticity (x = 0.305, y = 0.310) and luminance (20 cd/m 2 ). Temporal duty cycle was 1:4 and temporal frequency 2 Hz (patterns on for 100 ms, and off for 400 ms). At maximum contrast, the colours were of CIE chromaticity co-ordinates x = 0.380, y = 0.270 (magenta) and x = 0.230, y = 0.350 (cyan). Chromatic contrast level was expressed as a percentage of this maximum, with lower contrast stimuli having chromaticity co-ordinates spaced more closely together along the axis defined by the maximum contrast points. These colours were chosen to preferentially stimulate the L-M colour-opponent pathway (e.g. Rabin, Switkes, Crognale, Schneck, & Adams, 1994) . This pathway allows a comparison of long and medium wavelength-sensitive cone activity, and is often referred-to as the red-green or (as here) L-M colour opponent pathway.
The stimuli were viewed binocularly at a distance of 1 m and were presented at the fixation point as a square patch, the sides of which subtended an angle of 5 o . Identical stimuli were employed for psychophysical and VEP recordings, to ensure comparability.
Isoluminance
Isoluminance was measured in a group of 17 colour-normal adults, and three colour-normal children, using the heterochromatic flicker photometry (HFP) procedure. Sinewave gratings at 1.0 cpd (as used here in the main study) were presented in a square patch subtending 2.5 o , pattern reversed at a frequency of 15 Hz. The pattern was viewed binocularly and the subject was instructed to adjust the colour ratio 2 to a point of minimum perceived flicker. The mean of 11 determinations was taken to be an estimate of isoluminance for the individual. It was initially intended that individual isoluminance would be measured in this way in all of the subjects. However, most children found the concept of minimal flicker hard to grasp. Three children successfully completed the HFP procedure with the number of determinations reduced from 11 to 5. These three children ranged in age from 9 to 11 years, yet they found the procedure difficult so it was reasoned that HFP responses of even younger children may be unreliable. Isoluminance settings of 17 adults and the three children are shown in Fig. 1 . This figure illustrates similarity between adults and at least these three children, in agreement with previous findings of similar mean isoluminant points in infants and adults (Bieber, Volbrecht, & Werner, 1995; Peeples & Teller, 1978) . Based in part on this similarity, we employed a mean adult isoluminant point as an approximation of isoluminance for all children except the three tested individually, in whom individual isoluminance measures were employed. The issue of isoluminance is discussed further in Section 4.
VEP procedure
Previous findings (Boon, Suttle, & Henry, 2005) indicate that, in adults, three methods of VEP chromatic contrast sensitivity measurement agree with a psychophysical measurement when comparable stimuli are used. The three methods were (1) extrapolation to zero amplitude, based on the transient VEP in response to each of a range of chromatic con- Table 1 Age range, proportion of males and females, and number of subjects from whom VEPs were recorded and analysed (N(VEP)) and the number in whom VEP and psychophysical chromatic contrast thresholds were estimated (N(Compare)) 25.7-33.2 5:6 11 10 11.3 10-12.6 6:5 11 9 8.5 7.0-9.8 5:11 16 13 5.8
4.8-6.8 7:4 11 8 trasts, with peak-to-peak amplitudes measured manually, (2) extrapolation to zero amplitude from Fourier-derived VEP amplitudes at each of a range of chromatic contrasts and (3) the lowest chromatic contrast that elicits a reproducible VEP. The latter method allowed the highest success rate and was the most time-efficient of these methods, so it was selected for VEP threshold estimation in the present study. This method has been described in detail previously (Boon et al., 2005) . Briefly, in each subject psychophysical thresholds were measured prior to VEP thresholds. Transient VEPs were recorded in response to stimuli at 42% contrast, followed by VEPs in response to stimuli at 0% contrast, then in response to stimuli at the psychophysical threshold contrast level for that individual. Following this, an adaptive procedure was used to find the lowest contrast that yielded a reproducible VEP. Single-channel transient VEPs were averaged from at least 30 sweeps using the Medelec Synergy averager (Radiometer Pacific, Sydney, Australia). Recording sites were Oz (active site), Cz (reference site), and Fz (ground), according to the 10-20 system (Odom et al., 2004) . Sites were first abraded using a commercially available preparation and 9 mm Ag/AgCl electrodes were attached using a commercially available EEG paste. Impedance was below 8 kX for all recordings. Notch filtering (50 Hz electricity mains supply noise) was activated. Artifact rejection was set at 100 lV for the children and 50 lV for the adults. Sweep recording was triggered by the external VSG 2/5 card.
The averaged VEP was recorded in response to gratings at each of four chromatic contrast levels: 42%, 0%, psychophysical threshold, and 2· psychophysical threshold. At each level, the averaged VEP was recorded at least twice to check repeatability. The criterion for repeatability in this experiment was the presence of an N-P complex in adults or a P-N complex in children, with latencies within 10% of the longer latency on successive VEPs. Super-imposition of the successive waveforms aided in the identification of the repeatable components. Prior to recording at each of the four stimulus levels, each subject in whom both VEP and psychophysical thresholds were measured was asked whether the stimulus seemed 'easy to see', 'hard to see' or 'not possible to see' and to state the orientation of the grating, if visible. This was done partly to give each subject (particularly children) a task to break the monotony of passively viewing the screen. All subjects were instructed to fixate a black spot at the centre of the stimulus throughout each recording. They were asked to sit with a relaxed posture. Recording was continued only while subjects were attentive.
Psychophysical procedure
On each psychophysical trial, the stimulus was presented at either 45-or 135-degree grating orientation (selected at random under computer control). The subject's task was to indicate the orientation of the grating. A three-down one-up staircase with a 3 dB step-size was chosen and threshold was determined as the mean of 12 reversals, excluding any learning effect, identified as a progressive decrease in the mean of the contrasts at successive reversals. Duration of presentation on each trial was one second (two temporal duty cycles). The task was explained carefully and demonstrations and feedback were given prior to testing. Some of the children preferred to convey the orientation of the gratings non-verbally as well, e.g. through hand movements, and were allowed to do so. The averaged VEPs recorded from children ( Fig. 2 ) in response to stimuli at 42% contrast show the typical P-N complex reported by other studies in children (e.g. Madrid & Crognale, 2000; Pompe et al., 2006) . As with other studies, the most prominent component was the P-peak. The mean latency of the P-peak was not significantly different across the three groups of children (one-way ANOVA p > .05). The P-component of VEPs recorded from adults (discussed below) does not appear to be comparable with the P-component of VEPs recorded from children. The adults' P-component is of longer latency than that of the children's, so it is probably a different component in children and adults. For this reason, no comparison of P-component latency is made here between children and adults.
Results
Visual evoked potentials
VEPs recorded from the children featured a later Ncomponent, previously termed N250 by Madrid and Crognale (2000) , followed by a return to baseline. An earlier negativity in responses from children has been noted previously and is thought to correspond to the dominant Npeak seen in adults' responses (Crognale, 2002; Madrid & Crognale, 2000) . In the present study, this early component was apparent in the group averaged responses to 42% contrast from the eldest group of children (age range: 10-12.6 years) but not in the younger children. The VEPs recorded from adults in response to 42% chromatic contrast showed the typical N-P complex reported by other studies (Crognale, Page, & Fuhrel, 2001; Madrid & Crognale, 2000; Murray, Parry, Carden, & Kulikowski, 1987; Porciatti & Sartucci, 1999; Rabin et al., 1994; Suttle & Hardin, 1999) . In addition, there was a shoulder on the rising edge of the N component. Previously, we have found that the peak-to-peak amplitude formed by the first Npeak, rather than the N-peak formed by the shoulder, is correlated with chromatic contrast in adults (Boon et al., 2005). For this reason, the first N-peak of VEPs recorded from the adults was regarded as the chromatic contrast component in the present study. The shoulder in the complex was also evident in response to the 42% contrast stimulus in the eldest group of children, but not consistently in the younger groups of children. This suggests that the presence of this shoulder may be a marker of maturation in the transient chromatic VEP under these stimulus conditions.
The largest repeatable peak-to-peak amplitude of each VEP in response to 42% chromatic contrast was measured. In the children, this was the amplitude formed by the P-N complex while in the adults it was the amplitude formed by the N-P complex. Table 2 shows group mean peak-to-peak amplitudes for each subject group. Amplitudes were not significantly different (one-way ANOVA) across groups of children (p > .05). As mentioned previously, comparison between these components in children and adults may not be meaningful, since they seem to reflect different components in the two groups. However, it is worth noting that amplitudes were significantly different between children and adults (p < .01), in agreement with previous reports that VEP amplitude is higher in childhood than adulthood (e.g. Madrid & Crognale, 2000) .
In children, VEP components were repeatable in response to 42% contrast, but not in response to stimuli at and below 2· psychophysical threshold. In the adults, VEP components were repeatable in response to 42%, 2· psychophysical threshold and at psychophysical threshold for most of the adults on an individual basis but this was not evident on the group-averaged VEPs. This situation may arise if the VEP morphology is intra-individually repeatable but inter-individually variable, which was found to be the case.
Comparison between VEP and psychophysical thresholds
Estimates of VEP and psychophysical chromatic contrast thresholds are presented in Fig. 3 as strip plots with a dot-line of the mean in each age group.
Across the three groups of children, both VEP and psychophysical thresholds did not vary significantly with age group (one-way ANOVA p > .9). However, both VEP and psychophysical thresholds were significantly different between adults and children (p < .05). In addition, estimates of chromatic contrast threshold in children based on the reproducibility of VEP morphology were overestimates when compared with psychophysical measurements of threshold. The mean difference between the logarithms of VEP and psychophysical threshold measures was statistically significant for the children (p < .01 in each group) but not for the adults (p > .1, repeated measures ANOVA). Differences between VEP and psychophysical thresholds for each age group are plotted in Fig. 4. 
Discussion
Visual evoked potentials
The transient VEPs recorded from all three groups of children, aged from just under 5 to over 12 years, are Table 2 Group mean peak-to-peak amplitudes and standard deviations of the N-P (in adults) or P-N (in children) VEP complex Subject group N Amplitude (lV) (mean (SD)) 28.9 10 9.1 (5.4) 11.3 9 22.4 (6.8) 8.5 13 23.8 (9.8) 5.8 8 24.2 (7.5) similar in morphology, latency and amplitude. While these characteristics of the VEP are affected by a number of factors, including attention, signal impedance, electrode location and cortical configuration, they primarily reflect the responses over time of a population of neurons close to the recording sites. Thus, our findings in children suggest that visual pathway activity in response to L-M chromatic stimuli changes only slightly during these seven years in childhood. Morphology of the VEPs recorded from adults differed from that of children, with the major components being of opposite polarity. In children, the main components constituted a P-N complex, while in adults the complex was N-P. This difference between transient chromatic VEPs recorded from adults and children has been reported previously. There are at least four possible explanations for this difference.
First, perhaps it reflects a different pattern of visual pathway activity recorded with the electrode configuration used here, in children than in adults. If this is the case, our findings indicate that the neurons underpinning our VEPs do not function in a mature manner in children up to at least 12 years of age, and taken together with the children's findings described above, that function does not differ significantly during the childhood years from 5 to 10. From 10 years of age, there is an additional shoulder in the children's VEPs which may reflect a difference in function.
Second, the difference may reflect immaturity of the orientation or location, relative to the electrodes, of neurons underpinning the response. In this case, function of the neurons may be mature, but their location or orientation relative to electrode position may be different in children than in adults. Morphology of the chromatic onset VEP recorded from adults varies considerably across scalp electrode locations, reflecting the fact that different populations of neurons underpin the VEP at different underlying cortical locations (Gerth, Delahunt, Crognale, & Werner, 2003) . In the present study, we employed one active electrode location (Oz, of the 10-20 system). If cortical morphology changes significantly across the age ranges we included, the population of neurons underpinning our VEPs might vary with subject group. Our findings in children suggest that, if this is a factor, it varies little from 5 to 10 years of age. However, functional magnetic resonance imaging demonstrates that the location, size and cortical magnification of the striate cortex is similar in children and adults (Conner, Sharma, Lemieux, & Mendola, 2004) , indicating that this factor probably does not entirely explain our findings. chromatic contrast threshold as a function of age group. Mean threshold and 95% confidence intervals (error bars) for each group are also indicated. Mean thresholds in childrens' age groups do not differ significantly from each other but do differ significantly from adults. Fig. 4 . Strip plot of differences between VEP and psychophysical estimates of chromatic contrast threshold as a function of age group. Mean difference and 95% confidence intervals (error bars) for each group are also depicted. Mean difference is similar between the children's groups but is different from the adults. VEP and psychophysical thresholds agree only for the adult group. VEP thresholds are higher than psychophysical thresholds for the children's groups.
Third, one marked change in brain structure during childhood is an increase in volume of myelin. It increases in volume at a steady rate until adolescence, then at a slower rate before leveling at approximately 30 years of age, and decreases slightly thereafter (Courchesne et al., 2000) . White matter volume is lower in infants and children than adults, until at least 10 years of age (Matsuzawa et al., 2001) . Myelin volumes within the brain have been positively correlated with cognitive and functional ability (e.g. Bengtsson et al., 2005; Schmithorst, Wilke, Dardzinski, & Holland, 2005) and deficits in development of myelin have been associated with deficits in physical co-ordination (Tedeschi et al., 1995) and mental ability (Kumar, Mattan, & de Vellis, 2006) . Interestingly, myelin development is in part regulated by neural activity (Demerens et al., 1996; Ishibashi et al., 2006) which implies that myelin development may be impaired with a lack of appropriate stimulation or activity. Furthermore, it may be significant that chromatic contrast sensitivity is associated with greater deficits than luminance contrast sensitivity during general demyelinating diseases, measured both psychophysically and electrophysiologically (Fallowfield & Krauskopf, 1984; Porciatti & Sartucci, 1996) . In demyelinating diseases, it appears that the deficit in chromatic contrast sensitivity occurs because of a change in myelination rather than a change in the relative spatial relationships and orientations of neurons. Thus, there is an association between volume of healthy myelin and chromatic contrast processing which in turn suggests that the volume of healthy myelin can impact on VEP morphology and psychophysical function.
Fourth, perhaps the difference reflects a non-sensory factor, such as attention. Attention has been shown to affect the VEP, where a decrease in attention may be associated with a reduction in amplitude and increase in latency (Di Russo & Spinelli, 1999 , 2002 . On the other hand, the chromatic VEP may be relatively robust to variation in attention (Highsmith, Stoebling, Gulla, & Crognale, 2006) . Our findings show quite different VEP morphology in children and adults, not a simple amplitude or latency difference, so attention is unlikely to explain these findings. Thus, the most likely of these possibilities seem to be that the VEP differences across our subject groups reflect immaturity of visual pathway structure and function, underpinning our responses. Note that group-averaged VEPs in response to 42% contrast stimuli, recorded from the eldest group of children tested here, feature a shoulder on the descending limb of the positivity, which is not apparent in the two younger groups. This small change in morphology may reflect underlying maturation taking place in late childhood.
Previous VEP findings are consistent with those of the present study, showing that up to early adolescence, the pattern-onset VEP in response to L-M stimuli is dominated by a positive component (Crognale, 2002; Pompe et al., 2006) . From about 5 years of age, this positivity may be preceded by a negative component (N150; Madrid & Crognale, 2000) which becomes the dominant component of the adult chromatic onset VEP. Madrid and Crognale (2000) find chromatic VEP morphology to be adultlike by 14-18 years of age.
Comparison between VEP and psychophysical thresholds
Psychophysical measures of chromatic threshold were consistently lower than VEP measures, in the children only. In infants, VEP measures of visual acuity are higher (lower thresholds) than psychophysical measures, even when similar stimuli are employed in the two techniques (Sokol et al., 1992) . It has been suggested that this difference reflects, at least in part, the impact of motivational factors on psychophysical measures. However, it has also previously been shown that young infants' responses to chromatic stimuli are demonstrated earlier using a psychophysical technique than a VEP technique (Suttle et al., 2002) . In the present study, psychophysical thresholds were estimated using a standard adaptive staircase technique. VEP thresholds were also estimated according to a staircase technique, based on previous VEP work in infants (McCulloch & Skarf, 1991) and adults (Boon et al., 2005) . Previously, chromatic contrast thresholds in adults have been found to agree when estimated by VEP amplitude measures and psychophysical techniques (Porciatti & Sartucci, 1999) . In a study of chromatic and achromatic visual pathway changes with age, Page and Crognale (2005) measured psychophysical chromatic and achromatic contrast thresholds in adults aged 20-89 years. They recorded VEPs from each subject in response to gratings with contrast at a fixed multiple above a previously determined threshold value (based on thresholds in young subjects in one condition, and on the individual subject's own threshold in a second condition). When VEP stimulus contrast was set according to each individual's psychophysical threshold, VEP latency did not change with age, indicating that the VEPs were consistent with perceived contrast. In the present study, VEP thresholds were significantly higher than psychophysical thresholds in all the children's age groups but not in the adults, suggesting that the relationship between VEPs and perceived contrast changes from childhood to adulthood.
VEP threshold was assessed here using a method of VEP repeatability. Other methods of VEP threshold assessment may yield a different outcome. Furthermore, it has been noted that comparisons of VEP and psychophysical thresholds should be made with caution, since any difference between the two depends on stimulus parameters such as spatial and temporal frequency (Seiple, Kupersmith, & Holopigian, 1995) . Thus, the difference between VEP and psychophysical thresholds in the present study might not arise under different experimental conditions.
We found no significant change in VEP or psychophysical measures of chromatic contrast threshold across the child groups which suggests that functionally the L-M chromatic pathway does not mature greatly between 5 and about 12 years of age. This implies that the greatest rate of change of chromatic contrast threshold with age is likely to occur between the ages of 12 years and adulthood. Previous work has demonstrated that psychophysical L-M chromatic thresholds reduce with age during childhood (Knoblauch et al., 2001 ) so on initial inspection, our results appear discrepant to these findings. One possible explanation for disagreement between our findings and Knoblauch et al. (2001) may be that the data were analysed differently in the two studies. In the present study, thresholds recorded from children in three age groups and one group of adults were compared whilst Knoblauch et al. (2001) fitted a curve over a wider age range (few months old to over 80 years old) to determine the trend in the change of chromatic contrast threshold with increasing age. It is possible that when the range of ages is restricted to between 4.8 and 12.6 years in both studies that the rate of change of chromatic contrast thresholds with age does not differ, as range restriction can obscure trends in data (Howell, 2007) . To better compare data from the two studies, only data 3 from children aged between 4.5 and 12.0 years (to ensure a similar age range for both studies) in response to stimuli along a deutan axis from Knoblauch et al.'s (2001) work were selected for the analysis (the deutan axis is most comparable to the colour axis of stimuli used in the present study). Because the studies modulated chromatic contrast along very similar colour axes, data from the two studies should reflect responses of the same underlying system. Contrast thresholds were expressed using different units in the two studies, so raw thresholds from both studies were converted into percentages then log-base 10 transformed to improve comparability. Mean thresholds in children were found to be statistically significantly different across the two studies, but the standard deviations were similar (Knoblauch et al. (2001) mean À2.87 ± 0.76; present study mean 0.14 ± 0.15; mean difference À3.64, paired t test, t = À90.99, p < .0001). This threshold difference was not unexpected since the stimuli are not the same between the studies. 4 Thus, it is more useful to examine whether there is similarity in the rate of change of chromatic contrast thresholds with age between the two studies. This was assessed using a general linear model that examined logtransformed threshold as a function of age with study as a two level factor (i.e. Knoblauch et al. (2001) and the present study). The slope of the linear regressions allowed an indication of the rate of maturation within this age range in children. In line with Knoblauch et al.'s (2001) analysis, the ages were log-base 2 transformed so that each unit of change would indicate a doubling of age. It was found that Knoblauch et al.'s (2001) thresholds decrease on average by 0.19 log-base 10 threshold units for each doubling of age (p = .003). The Pearson correlation was moderate and significant (r = À.58, p = .003, 95% CI from À0.79 to À0.24). On the other hand, thresholds recorded in the present study decrease on average by 0.08 log-base 10 threshold units for each doubling of age (p = .26). In addition, the Pearson correlation was low and insignificant (r = À.21, p = .26, 95% CI from À0.53 to 0.16). To test if the rate of maturation of chromatic contrast threshold is significantly different between the two studies, the interaction term between age and study was examined and it was found that there was no statistically significant difference in the slopes of Knoblauch et al.'s (2001) study and the present study (ANCOVA, p = .25).
What could account for these differences in outcome between the studies? Both studies measured chromatic contrast thresholds, but this varies with stimulus characteristics (e.g. Beaudot & Mullen, 2001) and measured thresholds in children depend on the design of the task and how the child approaches the task (e.g. Abramov et al., 1984) . Thus, it is possible that the difference in outcome is due to differences in stimuli and psychophysical task. The differences will be discussed below.
First, the tasks differed in nature. In the present study, the task involved identifying orientation of the grating, while Knoblauch et al. (2001) required grating detection only. The addition of orientation discrimination is another level of perception above that of Knoblauch et al.'s (2001) task so may account for the differences in outcome. Second, in the present study the stimulus was only present for a total of 200 ms (two 100 ms presentations) per trial while the stimulus employed in Knoblauch et al.'s (2001) study was present for a total of 5 s and was conspicuously changing in orientation during that time. Perhaps this longer duration allowed the children a better opportunity to discriminate the test stimuli. This could be modulated by attention: if the children were slightly inattentive, it would perhaps be easier to miss a stimulus that only flashes on twice than a constantly present stimulus. It may also reflect differences in the time required to process information, as not only was our task shorter in duration than Knoblauch et al.'s (2001) task, it was also more complex, as mentioned above. Moreover, it has previously been shown that processing a higher number of elements in a stimulus results in greater inter-individual variability in processing time (Beaudot & Mullen, 2001 ) which may have lead to greater variability in our results compared to Knoblauch et al. (2001) . To better assess variability, the log-transformed thresholds were z-scored and their estimated marginal means (means minus the error) plotted as a function of age (Fig. 5) . It can be seen that although the standard deviations are similar, the data of the present study are more variable than those of Knoblauch et al. (2001) although both follow a downward trend. In fact, when the data from the two studies are combined, there is a statistically significant change in threshold of À0.88 zscore with each doubling of age (p = .005).
Third, the stimuli used in the present study were located centrally. In Knoblauch et al.'s (2001) study, stimuli were located more peripherally (at 7.5°either side of fixation). Central and peripheral chromatic processing is known to be different in adults, with chromatic contrast sensitivity higher at fixation than 5-10°eccentric to fixation (Mullen, Sakurai, & Chu, 2005) . However, Knoblauch et al.'s (2001) stimulus was present for a total of 5 s, which is sufficient time for a child to scan the screen and eventually settle on using their central vision to fixate the initially peripheral stimulus, so this is not an absolute point of difference. Finally, Knoblauch et al. (2001) presented test stimuli at an adult isoluminance setting (as in the present study), but the test was seen against a field of luminance noise, to mask any luminance cue present in the test. In the present study, no luminance mask was employed, and individual isoluminance was measured in most adults but only a small number of the children. In view of this difference in stimuli characteristics, it is possible that luminance cues existed in our chromatic stimuli that were sufficient to impact on measured psychophysical thresholds for at least some of the subjects and this possibility is discussed further below.
Possible luminance contributions
In agreement with previous findings (Crognale, 2002; Madrid & Crognale, 2000; Pompe et al., 2006) , we find that the chromatic VEP recorded from children in our age range is dominated by a positive (P) component, while in adults the dominant component is negative (N). In adults, the presence of an early P peak in a transient chromatic response can indicate the presence of luminance intrusion into the response, or magnocellular activity (Robson, Holder, Moreland, & Kulikowski, 2006) . Can the same be said of the prominent P-peak in the children's VEPs presented here? In the present study, relative luminance of the two chromatic gratings comprising our stimuli was set at the mean isoluminant point of a group of colour-normal adults. Use of a mean adult isoluminant point for colour threshold measurements in a group of children is reasonable if the mean and inter-individual variability of isoluminant points is similar in the two groups (Pereverzeva, Chien, Palmer, & Teller, 2002) . In the present study, we measured individual isoluminance in three children, but did not measure variance of isoluminant points in a larger number of children. For this reason, it remains possible that significant luminance cues may have existed in these nominally isoluminant stimuli, for at least some of the children. Here, we discuss this possibility in light of two factors suggesting that any luminance intrusions that may have been present are unlikely to have had a significant impact on our responses.
First, the prominent P-peak of the children's VEPs (Fig. 2) has a mean latency of 161-170 ms and is longer than P-peaks evoked in children by luminance modulated, low spatial frequency, pattern onset stimuli (100-130 ms: Crognale, 2002; Crognale et al., 1998; Ossenblok, Reits, & Spekreijse, 1992) suggesting that this component is not a response to luminance modulation. Second, as explained earlier, in three 9-to 11-year-old children, individual isoluminance measures were made, and their VEP and psychophysical data were recorded using these individual isoluminant points. However, VEPs in response to 42% contrast L-M stimuli recorded from these children are similar in morphology to those of the group as a whole. Fig. 6 shows VEPs recorded from two 9-year-old children 5 in response to gratings at 42% chromatic contrast, at each child's individual isoluminant point. Also shown are VEPs recorded from three children also aged 9 years, in response to gratings at 42% chromatic contrast, at the nominal (mean adult) isoluminant point. At least in these small samples, VEPs are similar in morphology. This similarity suggests that VEP morphology in children does not reflect a significant luminance response, and is dominated by chromatic pathway activity.
Conclusion
Previous studies, using VEP and psychophysical methods in different subject groups, have found that the L-M Fig. 5 . Plot of the estimated marginal means of z-scored log-10-transformed chromatic contrast thresholds of the present study (black lines) and Knoblauch et al.'s (2001) study (gray lines) as a function of age (log-base 2 transformed). Means that could not be estimated are not shown. It can be seen that both studies share a downward trend in thresholds as a function of age over this range, but the variability of the data is greater in the present study than in Knoblauch et al. (2001) . When the data from the two studies are combined, there is a statistically significant change in threshold (À0.88 z-score with each doubling of age, p = .005). 5 Note that isoluminance was measured in three children, but they spanned two subject age groups, so two children who fell into one age group (the 8.5 year group) were selected for this comparison with similarly aged children in whom isoluminance was not measured. colour vision system matures over a prolonged period, up to late childhood or early adolescence. The findings of the present study are in agreement with this, and demonstrate a discrepancy between VEP and psychophysical estimates of L-M sensitivity in children from about five to 12 years of age. The threshold estimates and the discrepancy remain similar across groups of children. However, there is a slight downward trend in chromatic contrast threshold with increasing age during childhood which is similar to previous findings (Knoblauch et al., 2001 ), but which did not reach statistical significance, perhaps due to increased variability in our data compared to those of Knoblauch et al. (2001) . Accordingly, this suggests that the system underpinning these responses may only mature slightly across these age groups. Subtle changes in VEP morphology indicate some degree of maturation of the system during this period of childhood. In adults, the situation is quite different. VEP and psychophysical thresholds are similar, and are significantly lower than in children. These findings suggest that while little maturation of colour sensitivity occurs from five to 12 years, significant maturation occurs between 12 years of age and adulthood. It should be noted that this finding applies for the particular experimental setup used here. Perhaps more significant development may be apparent during childhood under different stimulus and recording conditions, and/or different methods of obtaining thresholds. Fig. 6 . The top figure shows the transient chromatic VEPs (individual and average (in bold)) in response to 42% chromatic contrast stimuli of two children (aged 9 years) who were assessed at their individual isoluminance colour ratios. They are similar in morphology (prominent positive peak) to those depicted in the lower figure from the other nine year old children (n = 3) who were assessed at the nominal (mean adult) isoluminant colour ratio. Note that the scales of the top and lower plots are different in order to highlight the shapes of the VEPs.
